Density dependence of the Ionization Avalanche in ultracold Rydberg
  gases by Siercke, M. et al.
Density dependence of the Ionization Avalanche in ultracold Rydberg gases
M. Siercke,1, 2 F.E. Oon,1, 2 A. Mohan,1 Z.W. Wang,1 M.J. Lim,3 and R. Dumke1, 2, ∗
1Division of Physics and Applied Physics, Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Singapore
2Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543, Singapore
3Department of Physics, Rowan University, 201 Mullica Hill Road, Glassboro, NJ 08028, USA
(Dated: September 26, 2018)
We report on the behaviour of the ionization avalanche in an ensemble of ultracold 87Rb atoms
coupled to a high lying Rydberg state and investigate extensions to the current model by including
the effects of three-body recombination and plasma expansion. To separate the two effects we study
the time dependence of the plasma formation at various densities as well as for different nS and
nD states. At medium densities and low n we observe the onset of the avalanche as has been
reported in other experiments, as well as a subsequent turn-off of the avalanche for longer excitation
times, which we associate with plasma expansion. At higher densities and for higher lying Rydberg
states we observe a disappearance of the avalanche signature, which we attribute to three-body
recombination.
PACS numbers: 34.50.Fa, 32.80.Ee, 32.80.Rm, 52.25.Jm
In recent years ensembles of ultracold Rydberg atoms
have become a system of interest to study due to their
long range interactions and the many tools with which
they can be manipulated. Electromagnetically Induced
Transparency (EIT) involving Rydberg states has been
used to produce strong nonlinear effects [1, 2] and the
strong van der Waals interaction between Rydberg atoms
has spurred considerable effort in utilizing these atoms
for quantum computation and simulation protocols [3–
5]. The interesting properties of Rydberg atoms stem
from their weakly bound valence electrons, giving rise
to a large polarizability [6]. As such, they are excep-
tional tools for measuring and coupling to weak electric
fields [7–10]. An ultracold cloud of Rydberg atoms could
also be coupled to superconducting charged or even sin-
gle electron chip devices via the coulomb interaction.
So far, experiments have been restricted to using the
magnetic interaction between atoms and superconduct-
ing chip structures [11, 12]. The weak bond between the
electron and the nucleus is however responsible for an-
other property of Rydberg atoms: they are easily ionized
[13]. As such, understanding the dynamics and condi-
tions for ionization is of importance. While many aspects
of the detailed physics of ionization and the formation
of ultracold plasmas from Rydberg gases have been ex-
plored both experimentally and theoretically, the details
of three body recombination still need further investiga-
tion [14].
Ionization of the atoms due to black body radiation or
collisions can present a significant barrier to such exper-
iments. Moreover, owing to the low velocities of the gas,
ions formed in this way accumulate in the trapping region
[15], until, at a critical ion number, avalanche ionization
can occur, converting all remaining Rydberg atoms into
ions as nicely shown in [16, 17]. The exact dynamics
of how a gas of Rydberg atoms evolves into a plasma
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are extremely complex and, generally, can be accurately
described only using Monte Carlo methods [18, 19]. In
this paper we investigate the behaviour of avalanche ion-
ization for different n-states, showing surprisingly good
agreement with a simple qualitative model. The em-
ployed rate equations provide insight into the fundamen-
tal roles of plasma expansion and three-body recombina-
tion (TBR) as the Rydberg gas transitions to a plasma.
We fit our data to the model used in [16], with addi-
tional terms for TBR and changing ion density:
Rubidium atoms in their 5S and 5P state (Ng) are
excited into the Rydberg state at a rate A, while Ryd-
berg atoms can decay back into the 5S or 5P states at a
combined rate B (eq. 1).
dNg
dt
= −AφNg +BNr (1)
Here the fraction of atoms that can be excited to the
Rydberg state is reduced to φ = exp
(
−8η+9η2−3η3
(1−η)3
)
[20]
and η = piNrR
3
c/6V with Nr the number of Rydberg
atoms, Rc the Rydberg radius and V the volume of the
excitation region. The evolution of the number Rydberg
atoms is governed by the excitation from the 5S and 5P
levels, as well as ionization from black body radiation
(at rate γbbi) and collisions with non-Rydberg atoms (at
a rate of γcol = σcol
√
16kBT
pimRb
) [21].
dNr
dt
= AφNg −BNr − γbbiNr
− γcolNrNg/V − γavNrNe/V
+γrecN
2
eNi/V
2 (2)
Due to the low initial temperature of the ground state
atoms, the ions created from collisions remain in the trap-
ping region while the hot electrons escape, until the ionic
potential well becomes deep enough to retain any sub-
sequent electrons [15]. Once such a critical number of
ar
X
iv
:1
40
2.
24
00
v1
  [
ph
ys
ics
.at
om
-p
h]
  1
1 F
eb
 20
14
2ions is reached there is a buildup of energetic, trapped
electrons Ne. γav = σgeo
√
Ee/me describes the rate at
which collisions between the captured electrons and Ryd-
berg atoms produce additional ions (and more electrons)
where Ee and me are the average energy and the mass
of the electrons, respectively. σgeo ≈ pia0n∗4 is the ge-
ometrical cross-section of the Rydberg atoms, with a0
the Bohr radius and n∗ the effective principal quantum
number. Due to its self-seeding nature and its threshold
behaviour, this phenomenon is referred to as “avalanche
ionization”. The last (boxed) term of equation 2 models
the recombination of an ion back into a Rydberg atom
at a rate of γrec. Since recombination requires collisions
between an ion and two electrons, this process depends
nonlinearly on the captured electron density [18]. In gen-
eral the ions do not recombine into their original Rydberg
state, favouring instead a range of high n-states depend-
ing on the electron temperature [18]. Nonetheless, the
included term captures the general physics of the process:
As the density of the cloud increases, TBR becomes more
prominent due to its nonlinear character. A strict treat-
ment of the state dependent recombination would require
a model of the electron temperature. In our model we
simplify the recombination which still gives a qualitative
agreement with expected theoretical rates.
To determine the number of trapped electrons we
model the ion number Ni as
Ni = Ntot −Ng −Nr − Nloss (3)
dNloss
dt
= γlossNi (4)
Ne = Ni −Ncrit, if > 0, (5)
with Ntot the total number of atoms in the excitation
volume. The last (boxed) term in equation 3 has been
added to the model in [16] in order to simulate the ex-
pansion of the plasma as a source of loss of ions from the
excitation region. The exact expansion dynamics are ne-
glected and simply modeled by a loss rate γloss. In such
a way we capture the essential effects of the expansion
on the system: A lowering of the ion and electron densi-
ties and an increase in the critical ion number needed to
recapture electrons given by [16]
Ncrit =
8EeLpiR
20
q2[L(−L+√L2 + 4R2) + 4R2csch−1(2R/L)] .
(6)
The excitation volume is assumed to be a cylinder of ra-
dius R and length L as determined by the laser beams
used in the Rydberg creation and q is the elementary
charge. The critical number further depends on the aver-
age electron energy Ee.4. The TBR term and the plasma
expansion account for the disappearance of the avalanche
at high densities as observed.
To experimentally access the different dynamic regimes
of the model we produce clouds of ultracold 87Rb atoms
with densities between 109−1012atoms/cm3 by trapping
them in either a quadrupole trap or a crossed dipole trap.
Before exciting atoms to a Rydberg state the trapping
potential is switched off. Atoms are excited by two laser
beams driving the 5S1/2 → 5P3/2 and 5P3/2 → nS or
nD transitions, with respective wavelengths of 780nm
and 480nm (figure 1). The local density of the cloud
nD5/2 or nS1/2 
5P3/2 
5S1/2 
a) b) 
c) 
Ωp 
Ωc 
To Camera 
480nm 
780nm 
FIG. 1. (Color online) Experimental setup: a) Atomic lev-
els and laser beams involved in producing atoms in nS or
nD Rydberg states. The probe beam (Ωp) resonantly cou-
ples the D2 transition of 87Rb while the coupling beam (Ωc)
drives the 5P3/2 level to a Rydberg state. b) The large 780nm
probe beam is used as an imaging beam while the counter-
propagating 480nm coupling beam is focused onto the atom
cloud. c) At intermediate densities a hole in the cloud is ob-
served at the location of the coupling beam when measuring
the transmission of the probe beam through the atomic cloud,
with an excitation time of 400µs.
is determined by absorption imaging. The 480nm blue
coupling beam is counter-propagating with the 780nm
red probe, which excites ground state atoms and serves
as the imaging beam (figure 1b). To separate the effects
of ion loss due to plasma expansion from those due to
TBR, we first investigate the time evolution of the cloud
at low densities. In a typical experimental sequence the
atoms are illuminated first with the coupling and probe
beams and then detected after 500µs by absorption imag-
ing (figure 2a). Figure 1c shows a typical absorption im-
age. The density distribution of the atoms has a hole in
the central region, where the coupling beam was propa-
gating. This delayed atomic absorption image implies an
absence of atoms in the ground state. Considering the
low power of the red beam and the short (35µs) lifetime
of the 40D state that is excited, the hole is indicative
of ion formation rather than Rydberg atoms. Indeed,
at the Rabi frequencies used, the three-level Bloch equa-
tions predict only 8% of the atoms to be excited to the
Rydberg state. Figure 2b shows the time dependence
of the hole formation probed by varying the excitation
pulse time (T). Plotted in the figure is the optical den-
sity ratio (ODR) at the central position of the blue laser
beam for various atomic densities. The ODR is defined
as the optical density with, divided by the optical den-
3sity without the coupling beam present during the first
pulse. Least square fits to the data are performed by
numerically integrating equations 1-6, with A, σcol, γloss
and Ee as free parameters. B is fixed, like in [16], by
the steady-state solution of the optical Bloch equations.
The excitation radius R is chosen to be 100µm, the blue
beam diameter, and L is taken to be 4 times the stan-
dard deviation of the atomic cloud. All points in figure
2b are fit using the same parameters. For low density
the figure shows a gradual decrease in ODR due to ion-
ization from the black body radiation and collision terms
in equation 2. Importantly, many additional processes
are not accounted for in this simple model, such as re-
combination into long lived Rydberg states and changing
electron and ion temperatures over the duration of the
excitation. Based on the low density behaviour in fig-
ure 2b, we add an exponential decay term for the total
number of atoms in the model to empirically take into
account these processes. For measurements on samples
of higher initial ground-state atom density, this gradual
decrease in ODR is overtaken after an onset time by a
faster decay. Increasing the initial ground state density
further shifts the onset of the rapid decay in ODR to
earlier times.
This fast decay is a sign of the ionization avalanche,
with the onset given by the time required to form the
critical ion number necessary to retain additional elec-
trons (eq. 6). The onset for avalanche depends on the
density because the responsible collision rates are, them-
selves, functions of density. The model in [16] was able
to predict the early time behaviour of the Rydberg and
ion population with good accuracy but deviated strongly
from the data at longer timescales where the plasma dy-
namics may need to be taken into account. In our case,
due to lower excitation rates, the production of ions is
slower than in [16]. While for the medium and high-
density data we see the onset of the avalanche, for the
low-density data we see a homogeneous formation of the
hole even after the critical ion number is theoretically
reached. Furthermore, at all three densities the avalanche
ionization slows down at low atom numbers (long times).
This behaviour is the result of the last term in equation
3, modeling the plasma expansion as a loss of ions, as
well as an extra decay on the total number of atoms. In
the low density regime, ion production is slow and the
expansion of the plasma can prevent or terminate the
avalanche. Figure 2c shows the ODR of the cloud ver-
sus density when exciting the 40D state. Instead of the
pulse sequence used in 2a the data in 2c is computed
from a 400µs absorption image of the cloud with the
blue beam present, effectively averaging the hole depth
over the first 400µs of excitation. As predicted by the
model, the critical time tcrit for the onset of the ioniza-
tion avalanche is shorter for larger densities, leading to
a stronger (faster) hole formation as the density is in-
creased from 4.5 × 1010cm−3 to 13.1 × 1010cm−3. The
data in figure 2c uses higher probe (Ωp = 2pi×2.18MHz)
and lower coupling (Ωc = 2pi×3.2MHz) intensity than in
a) 
c) 
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FIG. 2. (Color online) a) Pulse sequence to investigate the ori-
gin and time dynamics for the hole in Optical Density formed
during doubly-resonant excitation. After an initial illumina-
tion of the atoms by both coupling and probe beams for time
T, absorption imaging is performed for 200µs without the cou-
pling beam. b) ODR versus time for various atomic densities.
The lowering of the ODR is caused by the formation of ions
from Rydberg atoms and processes not included in the model,
such as atoms scattering into long-lived Rydberg states. The
low and medium density data display an ionization avalanche
while for low starting density the avalanche is absent due to
the ion formation rate being slower than their loss rate. Fits
to the data follow the model of [16] with the addition of a loss
term for ions and the total atom number. The loss also repro-
duces the turn-off of the avalanche in the low ODR region of
the curves. c) The ODR (averaged over 400us of excitation)
for the 40D state shows an onset of the avalanche for higher
densities due to a decrease in the avalanche onset timeas seen
in 2b and [16]
.
2b, resulting in an onset of the avalanche at lower den-
sities due to increased Rydberg excitation and Penning
ionization (5P −nD collision) rates. At higher densities,
the data in figure 2c displays a slight increase in ODR, in-
dicating that other processes, such as TBR, may become
important.
To study the effects of TBR on the behaviour of
the avalanche we investigate the ODR of the cloud for
larger densities where the effect should be more promi-
nent. Atoms are released either from the magnetic trap
(low density/32µK) or after evaporative cooling in a
4crossed dipole trap (high density/1.2µK) and simulta-
neously subjected to light from the 780nm and 480nm
laser beams for 400µs as was done in figure 2c. To avoid
EIT, which would complicate evaluation of the data, we
keep the Rabi frequencies lower than the respective laser
linewidths.
Figure 3 shows the resulting ODR as a function of
density for different nD-states. The power of the blue
beam is adjusted to produce a Rabi frequency Ωc = 2pi×
3.2MHz for each state. The Rabi frequency of the 5S
to 5P transition is chosen to be Ωp = 2pi × 2.2MHz.
The data for the 40D state is the same as in figure 2c.
For low initial densities the hole disappears for the 40D
state due to the slower ionization rate, resulting in too
few ions being created to overcome the ion loss. The
90D state does not show an obvious reduction in ODR
at lower densities. The corresponding curves for the S-
states are shown in figure 4 with Ωc = 2pi × 6.1MHz and
Ωp = 2pi × 1.8MHz. For both D and S-states the hole
disappears at high densities.
FIG. 3. (Color online) ODR of different nD-states as a func-
tion of density (blue points). The data for the 40D state is
the same as in figure 2c. For low density, as density and
principal quantum number n increase we observe a decrease
in the ODR due to the ionization avalanche. Increasing the
density further shows an increase in ODR, indicating that the
avalanche mechanism is being suppressed. We attribute this
effect to TBR, which both heats the electrons and gives the
ions a short, density dependent lifetime. The red points are
fits to the data, giving an electron temperature at the onset
of the avalanche of 6.7K and an electron temperature in the
TBR regime of 48.7K for the 40D state.
The suppression of ion production at high densities is
a consequence of the TBR term in equation 2. As the
density of the atoms increases, this rate becomes larger
than the ion production rate, effectively turning off the
ionization mechanisms in this regime. The red points in
FIG. 4. (Color online) ODR of different nS-states as a func-
tion of density (blue points). Increasing the density and prin-
cipal quantum number n shows an increase in ODR, indicat-
ing that the avalanche mechanism is being suppressed. We
attribute this effect to TBR, which both heats the electrons
and gives the ions a short, density dependent lifetime. The
red points are fits to the data, giving an electron tempera-
ture at the onset of the avalanche of 5.8K and an electron
temperature in the TBR regime of 26.0K for the 45S state
figures 3 and 4 show fits using the model, calculating the
expected ODR at the experimental conditions for each
point. The theory closely predicts the experimental be-
haviour, with TBR clearly dominating the dynamics at
higher densities. However, it should be noted that the
effect of TBR on the plasma is to heat up the electron
cloud. This heating increases the critical number of ions
needed to capture the electrons, which may also quench
the avalanche dynamics. For the data in figures 3 and
4 we cannot distinguish between these two mechanisms.
The scatter in the theoretical points stems from changes
in the experimental data (such as cloud temperature)
that is not reflected in the axes of the plot. The fits use
the same parameters for all states in the plot (including
the scaling with principal quantum number). The collec-
tive data for S and D states are fitted separately. The
collision rates extracted from the fit are similar for the S
and D-states (σcol = 1.0pia
2
0n
∗4 and 0.6pia20n
∗4) as are the
Rydberg excitation rates (A = 3.8 × 104 and 4.5 × 104)
and electron temperatures during the avalanche onset
(Te = 5.8K for 45S and 6.7K) for 40D. However, the
fitted recombination rates needed to reproduce the high
density behaviour differ for both S and D-states [18]:
γrec =
1eV
kBTe
(13.6eV/2kBTe)
7/2×2.8×10−42m6s−1. (7)
To keep the model simple we allow for separate electron
temperatures for the avalanche onset and the recombina-
5tion rate. This is a reasonable compromise, given that
TBR is expected to heat the electrons, giving rise to a
density-dependent electron temperature. The electron
temperature also depends on the Rydberg state that is
excited, so we include an empirical scaling of γrec ∝ n∗4
instead of a scaling expected from T
−9/2
e ∝ n∗9 in the re-
combination rate. The resulting recombination electron
temperatures give Te = 26.0K and 48.7K for the 45S and
40D states respectively, in good agreement with other
experiments. [22]
It should be stressed that, while this rate equa-
tion model captures the basic physics involved in the
avalanche, it is still a simplified description of the dy-
namics of the system. The expansion of the plasma can
lead to adiabatic cooling [14], while any residual disor-
der in the ion distribution and TBR will heat the sys-
tem. As such, the electron and ion temperatures become
time-dependent and the plasma expansion is generally
a non-linear process. The close agreement of our model
with the experimental results therefore indicates that the
most relevant physical processes have been taken into ac-
count, with reasonable values for the temperatures and
rates [22]. While it is clear from the fits that TBR is
responsible for the suppression of the avalanche at high
density, to extract a detailed understanding of the dy-
namics more sophisticated models or a Monte Carlo sim-
ulation need to be employed.
In conclusion, we have investigated the density-
dependent effects of plasma expansion and TBR in a
gas of ultracold 87Rb excited to various nS and nD Ry-
dberg states. We observe an ionization avalanche as
previously seen in other experiments and find that ion
loss is responsible for the low-density suppression of the
avalanche, while at high densities TBR effectively turns
off the electron trapping mechanism. Electron tempera-
tures and excitation rates found are all reasonable com-
pared to other experiments, but we find a difference in
electron temperature at the onset of avalanche ionization
and during TBR. This relatively simple model does not
fully treat the complex dynamics of the Rydberg-plasma
system, but nonetheless captures the essential physics as
evidenced by close agreement with the data. Given that
TBR suppresses the formation of the plasma in our sys-
tem, the effects of electron heating on the calculated re-
combination rate may be less than in other experiments,
since the re-capture mechanism that allows for electron
heating is turned off by the increased TBR rate.
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